HeLa cell extracts contain significant amounts of terminal uridylyl transferase (TUTase) activity. In a template-independent reaction with labeled UTP, these enzymes are capable of modifying a broad spectrum of cellular RNA molecules in vitro. However, fractionation of cell extracts by gel filtration clearly separated two independent activities. In addition to a non-specific enzyme, an additional terminal uridylyl transferase has been identified that is highly specific for cellular and in vitro synthesized U6 small nuclear RNA (snRNA) molecules. This novel TUTase enzyme was also able to select as an efficient substrate U6 snRNA species from higher eucaryotes. In contrast, no labeling was detectable with purified fission yeast RNA. Using synthetic RNAs containing different amounts of transcribed 3′-end UMP residues, high resolution gel electrophoresis revealed that U6 snRNA species with three terminal U nucleotides served as the optimal substrate for the transferase reaction. The 3′-end modification of the optimal synthetic substrate was identical to that observed with endogenous U6 snRNA isolated from HeLa cells. Therefore, we conclude that the specific addition of UMP residues to 3′-recessed U6 snRNA molecules reflects a recycling process, ensuring the functional regeneration for pre-mRNA splicing of this snRNA.
INTRODUCTION
Post-transcriptional modification and processing of newly synthesized RNA molecules represent fundamental aspects of eucaryotic gene expression. In that context, one of the most intensely studied processes is the splicing of nuclear pre-mRNA during mRNA biogenesis (1, 2) . The splicing reaction is catalyzed by a large ribonucleoprotein (RNP) complex designated the spliceosome (3) . This complex is formed by several ribonucleoprotein particles containing distinct small nuclear RNA (snRNA) molecules and their associated proteins. In addition, several non-snRNP proteins are also required for pre-mRNA splicing (1, 4, 5) .
The snRNPs involved in nuclear pre-mRNA splicing consist of five distinct particles containing the snRNAs U1, U2, U4, U5 and U6 respectively (6, 7) . These snRNAs participate in specific RNA-RNA interactions required for assembly of the spliceosome and for catalysis of individual steps of the two transesterification reactions (8) .
Among the snRNA molecules, U6 snRNA is the most highly conserved snRNA, from yeast to man (9) , and therefore is believed to play a central role in the catalytic steps of pre-mRNA splicing. In several aspects, U6 snRNA differs from the other spliceosomal RNAs. The majority of these snRNAs are transcribed by RNA polymerase II (10) . In contrast, U6 RNA is transcribed by RNA polymerase III (11) (12) (13) . Furthermore, U6 snRNA contains a γ-methyltriphosphate at its 5′-end (14) , as opposed to the trimethylated guanosine cap structure of the other snRNAs. In addition, the 3′-end of U6 snRNA undergoes extensive processing before being incorporated into the U6 snRNP complex (15, 16) . Finally, U6 RNA is also unique in that UMP residues are both added to and removed from its 3′-end post-transcriptionally (12, (17) (18) (19) . Due to these modifications, human U6 snRNA has been found to be heterogeneous in size (20) . The major form terminates with five UMP residues and an unusual 2′,3′-cyclic phosphate (>p; 18), but a substantial fraction (∼10%) contains an oligouridylate stretch of variable length (up to 12 residues) terminating with a 3′-hydroxyl group (19) . The enzymes responsible for these modifications of the 3′-end of the U6 RNA have not been identified and remain to be characterized. On the other hand, HeLa cells are known to contain a 3′-terminal phosphate cyclase that, in an ATP-dependent reaction, catalyzes conversion of a 3′-phosphate to a 2′,3′-cyclic phosphodiester (21) . Such a 3′-terminal phosphate cyclase has recently been cloned, but template specificity of this enzyme has not been demonstrated (22) . Therefore, it is not known at present whether or not this enzyme is responsible for the corresponding U6 snRNA modification.
It is well documented that cellular extracts contain enzyme activities which, in a template-independent reaction, incorporate labeled UMP into endogenous RNA molecules when using [α- 32 P]UTP as substrate. Such enzymes, designated terminal uridylyl transferases (TUTases), have been characterized in a variety of tissues and organisms (23 and references therein). TUTases catalyze the transfer of UMP residues to the 3′-hydroxyl group of a large number of RNA species, including U6 RNA (12) . Here we report the identification of a TUTase enzyme that exclusively transfers UMP residues to the 3′-end of U6 snRNA molecules. Furthermore, according to its apparent molecular *To whom correspondence should be addressed. Tel: +49 234 700 4232; Fax: +49 234 709 4244; Email: bernd.benecke@rz.ruhr-uni-bochum.de mass and its highly selective template specificity, this enzyme is clearly distinct from the aforementioned non-specific TUTase activities.
MATERIALS AND METHODS

Cellular extracts and fractionation
Cytoplasmic S100 extracts (15 mg/ml) were prepared from HeLa cells as described in detail previously (24) . Extracts were used either for in vitro transcription reactions or for partial purification of TUTase enzymes by phosphocellulose P11 (Whatman) chromatography and gel filtration in Superdex G200 columns (Pharmacia).
Templates
Templates used for in vitro transcription in HeLa cell extracts ( Fig. 1) were as follows. An adenoviral VA I RNA gene reporter sequence supplemented with the human 7S K terminator region was fused to pol III gene (genes transcribed by RNA polymerase III) promoters with varying amounts of gene internal sequences. This VA I cassette and the entire 7SK(6)VA construct have been described in detail by Emde et al. (25; see their fig. 3 and templates). The mouse U6 fusion construct was based on the mouse U6 snRNA gene (kindly provided by Dr Ram Reddy, Houston, TX) and fusion of the VA I reporter sequence was to position +26 of that gene.
Templates used for in vitro transcription with purified T7 RNA polymerase (Boehringer) were generated by PCR. Two genespecific primers which also provided additional external sequences were applied. That specific for the 5′-end of the respective gene provided the entire T7 promoter with the missing number of downstream G residues to create the GGG initiator element optimal for T7 RNA polymerase initiation. Therefore, in the case of the U6 RNA gene, the resulting T7 transcripts differed from cellular U6 RNA by two residues (two additional G nucleotides at the 5′-end). The 3′-end-specific oligonucleotide provided a DraI restriction site required for linearization of the template immediately downstream of the three (RoY5 RNA) or four (U6 RNA) U nucleotides, representing the pol III terminator element. In order to in vitro synthesize U6 snRNA molecules with different amounts of 3′-terminating U residues (U6-3, U6-4 and U6-5), the corresponding primer was changed accordingly. The primers used were: T7-U6 upstream, 5′-TTTAATACGACTCACTA-TAGGGTGCTCGCTTCGGCA-3′; downstream, 5′-TTTTA (3) (4) (5) -TATGGAACGCTTCACGAA-3′; T7-RoY5 upstream, 5′-TTT-AATACGACTCACTATAGGGAGTTGGTCCGAGTGTTGT-3′; downstream, 5′-TTTTAAACAGCAAGCTAGTCAAG-3′. The double-stranded PCR fragments were cloned into the EcoRV site of the Bluescript KS+ vector (Stratagene). The cDNA of the RoY5 RNA gene (26) has been cloned by RT-PCR (R.Trippe, unpublished results) and the 7S L/VA I hybrid gene (7S L +145) has been described in detail previously (25) .
In vitro transcription
An aliquot of 1 µg plasmid DNA was transcribed in 20 µl S100 extract in the presence of 70 mM KCl, 16 mM HEPES-KOH, pH 7.9, 5 mM MgCl 2 , 1 mM DTT, 0.1 mM EDTA and 12% (v/v) glycerol. Reactions in a final volume of 50 µl were started by addition of nucleotides (0.5 mM each ATP, GTP and CTP and 5 µCi [α-32 P]UTP) and incubated for 1 h at 30_C. Extraction of transcripts and analysis by electrophoresis in denaturing gels was as described (27) .
For in vitro transcription with the bacteriophage T7 RNA polymerase, plasmids were linearized with DraI (3′-end) and fragments with the cloned gene constructs recovered after restriction in the upstream polylinker and agarose gel electrophoresis. Purified DNA fragments (50-100 ng) were transcribed essentially as described by Melton et al. (28) .
Northern blot hybridization
RNAs were separated in a 2.5% agarose, 2.2 M formaldehyde gel and transferred to a Hybond N membrane (Amersham) as described previously (29) . The blot was UV cross-linked for 45 s and then prehybridized for 2 h in 5× SET, 0.1% SDS at 54_C. A 25mer oligonucleotide complementary to U6 RNA (nt +42 to +66), end-labeled with T4 polynucleotide kinase in the presence of [γ-32 P]ATP, was used as probe. Hybridization was for 16 h in the same buffer and at the same temperature as above. Washing of the membrane (2 × 15 min in 2× SET, 0.1% SDS) was at room temperature, followed by autoradiography.
Terminal uridylyl transferase assay
The standard TUTase assay was carried out in a final volume of 50 µl with 1 µg cellular RNA or 50 ng T7 RNA polymerase transcripts. The reaction was performed in the presence of 60 mM KCl, 12 mM HEPES-KOH, pH 7.9, 5 mM MgCl 2 , 2 mM DTT, 0.1 mM EDTA, 12% (v/v) glycerol and 5 µCi [α-32 P]UTP. Following incubation for 1 h at 30_C, RNA was analyzed as above. Cellular RNA (1 mg/ml) was isolated from S100 extracts by standard techniques (using guanidinium isothiocyanate and phenol extraction), dissolved in RNase-free water and stored in aliquots at -70_C.
RESULTS
HeLa cells contain a non-specifc and a U6 RNA-specific terminal uridylyl transferase
HeLa cell extracts are widely used to study the structure and expression of eucaryotic genes by in vitro transcription reactions. In particular, pol III genes (genes transcribed by RNA polymerase III) are rather efficiently transcribed in such extracts, with the appearance of distinct bands demonstrating that accurate initiation as well as termination reactions occurred. In the experiment shown in Figure 1 , constructs of a human 7S K RNA gene (lanes 1-3; 30) or a mouse U6 snRNA gene (lanes 4-6; 31) were transcribed in cytoplasmic S100 extracts with [α-32 P]UTP and in the presence of low concentrations of α-amanitin, to suppress transcription by RNA polymerase II. In addition to the appearance of specific transcripts, these assays revealed an additional labeled band of unknown origin. This major labeled band of an apparent length of ∼105 nt (see arrow) was reproducibly observed with different extracts. Furthermore, the appearance of this additional prominent band resulted from a DNA template-independent reaction. In contrast to the transcripts originating from the human 7S K RNA and mouse U6 RNA templates (lanes 1 and 4) , labeling of the additional band (arrow) was insensitive to high concentrations (400 µg/ml) of α-amanitin (lanes 2 and 5) or inactivation of the DNA template by 2 µg/ml actinomycin D (lanes 3 and 6) . Furthermore, the same labeled band was also observed if in vitro Figure 1 . In vitro transcription of pol III gene constructs. The human h7SK(6)VA and mouse mU6(26)VA constructs were transcribed in S100 extract in the presence of 400 µg/ml α-amanitin (lanes 2 and 5) or 2 µg/ml actinomycin D (lanes 3 and 6), with lanes 1, 4 and 7 representing the controls (c) with low concentrations of α-amanitin (1 µg/ml), to suppress pol II transcription only. Phenol-extracted RNA was analyzed electrophoretically in denaturating (8 M urea) 6% polyacrylamide gels. The arrow indicates the position of in vitro labeled endogenous U6 snRNA. m, labeled DNA marker fragments. Lane 7 shows the reaction without a functional gene, using a pUC8 vector DNA as template.
transcription was performed with a pUC8 vector DNA as template (lane 7). Together, these results indicate that labeling of the RNA in question was not transcriptional. Consequently, this labeling of pre-existing RNA must have been due to a uridylic acid transferase reaction.
The occurrence in mammalian cells of non-specific TUTases is clearly evident if phenol-extracted RNA is incubated with cellular extracts in the presence of labeled UTP (12, 15) . However, an interesting question remaining was why only one such additional labeled RNA band appeared in the in vitro transcription assays if a non-specific transferase was responsible for this result. One possible explanation was, of course, that within these extracts only one endogenous RNA substrate might have been accessible to the transferase. Alternatively, the enzyme transferring UMP residues to pre-existing RNAs of the extract could be specific for only one low molecular weight RNA species. That is why we started to purify the transferase activity by standard chromatographic procedures. After separating S100 extract proteins on conventional phosphocellulose P11 columns ( Fig. 2 ), we observed a broad peak of TUTase activity eluting between 170 and 450 mM KCl (fractions [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In this case, the TUTase activity was analyzed with cytoplasmic RNA as substrate, previously isolated from S100 extracts. As is evident from Figure 2 , these fractions contained a non-specific TUTase activity which labeled a broad spectrum of cellular RNA molecules. According to their apparent size, two RNA bands were tentatively designated as 5S and U6 RNA respectively. However, a very different picture emerged if the active fractions of the phosphocellulose column were analyzed after separation on a Superdex G200 column. As shown in Figure 3A , gel filtration of the extract proteins clearly separated two different uridylyl transferase activities. One was associated with the high molecular weight range of the column (fractions 9-17) and represented the non-specific TUTase activity observed before. Again, this activity efficiently labeled a broad spectrum of cellular RNA molecules, which included U6 snRNA (see arrow). In addition, however, a second TUTase activity was found associated with fractions representing proteins of lower molecular mass (fractions 23-27, corresponding to a size of ∼60 kDa). This enzyme was highly specific for a single small RNA species, co-migrating with in vitro transcribed mammalian U6 snRNA (see legend to Fig. 3A ). Although the entire heterogeneous population of celluar RNA molecules was again present as substrate, only U6 snRNA was labeled in the standard TUTase reaction. This data points to a second transferase with clearly different specificity.
However, one could not exclude the possibility that the two enzyme activities were generated artificially, for example by dismantling of an enzyme complex by phosphocellulose chromatography. The resulting subunits, subsequently separated by gel filtration, might then represent only residual activities, yet with apparently different specificity. Therefore, both TUTase activities were assayed in combination. As shown in Figure 3B , addition of the peak fraction of the non-specific activity (fraction 15) to fractions containing the specific enzyme (fractions 21-29) did not influence the underlying pattern of the specific TUTase activity. Neither did a shift in peak activity to a different position occur nor an overall increase from the combination of both enzyme activities result. The absence of any synergistic effect or any kind of cooperativity indicates that the two TUTase activities resolved in Figure 3A do indeed represent two separate enzymes. This conclusion is further supported by the finding that separation of the two enzymes can also be achieved on hydroxyapatite columns (R.Trippe, unpublished results), a much milder ion exchange resin than phosphocellulose P11. Together, these results provide firm evidence that HeLa cell extracts contain at least two distinct TUTase activities which reveal different substrate specificities and which can clearly be separated on the basis of their molecular mass.
Recognition of cellular and synthetic U6 RNA by the specific TUTase
In order to substantiate the described differences in specificity of the two TUTase activities, we analyzed both enzymes with different RNA substrates, obtained by in vitro transcription with Proteins associated with the 170-400 mM KCl fractions of the P11 column were concentrated by ammonium sulfate precipitation and applied to a Superdex G200 column. As in Figure 2 , individual fractions were analyzed for TUTase activity using exogenous RNA. The position of labeled U6 snRNA is indicated by an arrow and was verified by electrophoresis in parallel of the labeled band obtained with fraction 25 in comparison with mammalian U6 snRNA transcribed in vitro with S100 extracts (data not shown). l, load fraction. (B) TUTase analysis as in (A), however, here 10 µl peak fraction (15) of the non-specific activity of (A) was assayed in combination with another 10 µl active fraction (21, 23, 25, 27 or 29) which revealed a high specificity for U6 snRNA. 15, activity of 10 µl non-specific peak fraction alone. The position of labeled U6 snRNA is again marked.
bacteriophage T7 RNA polymerase. In contrast to applying a heterogeneous population of cellular RNA molecules, the use of defined RNA substrates avoids problems which might arise due to possible competition effects among individual RNA species. For this analysis, gene sequences coding for human 7S L RNA or RoY5 RNA were used in comparison with the U6 snRNA template. We would like to emphasize that this selection was made arbitrarily, because those clones were available in the laboratory. Figure 4A shows the results of such a transferase assay with defined RNA substrates and either the non-specific (lanes 1-4) or the specific enzyme (lanes 5-8). As with total cellular RNA (lane 1), the non-specific enzyme (fraction 15 of Fig. 3A ) labeled all individual RNA substrates used in this analysis, i.e. U6 RNA (lane 2), RoY5 RNA (lane 3) and 7S L RNA (lane 4). It should be noted that suppression of labeling by proteins of the non-specific fraction of in vitro synthesized U6 RNA (lane 2) is reproducibly observed with this fraction, very likely due to a newly described U6-specific 3′-exonuclease activity. The nuclease catalyzes an extremely rapid removal of UMP residues from the 3′-end of U6 snRNA and co-elutes from phosphocellulose columns with the TUTases analyzed here (32) . This finding also explains the fairly low rate of U6 RNA labeling observed with the P11 fractions in Figure 2 , as compared with the non-specific labeling of other small RNAs with the same fractions. Furthermore, the heterogeneous pattern obtained with the RoY5 RNA substrate (Fig. 4A, lane 3) clearly indicates that the non-specific transferase added more than one nucleotide. In contrast to the non-specific enzyme, the specific TUTase activity (fraction 25 of Fig. 3A) was again highly selective for U6 RNA, irrespective of whether total cellular RNA or in vitro transcribed U6 RNA was used (Fig. 4A,  lanes 5 and 6) . The weaker labeling of T7 transcribed U6 RNA used here (lane 6), as compared with the cellular U6 RNA (lane 5), is due to the four U residues at its 3′-end (see also Fig. 6A, lane 2) . The different length of the T7 transcribed U6 RNA is explained by the two additional G residues at its 5′-end, required for efficient initiation of the bacteriophage RNA polymerase (see templates). In contrast to the U6 RNA substrates, the U6-specific TUTase did not label the RoY5 (lane 7) and 7S L RNAs (lane 8), although these RNAs were accepted as substrates by the non-specific enzyme (lanes 3 and 4) . Together, these results confirmed the high specificity for U6 snRNA of the newly identified TUTase.
To demonstrate that both the non-specific and specific transferases are indeed selective for uridylic acid residues, standard TUTase reactions with cellular RNA were performed with both enzymes, however using different labeled nucleoside triphosphates as substrate. As is evident from Figure 4B , both enzymes were only active in the presence of UTP (lanes 1 and 5) . No labeling of cellular RNA was observed with CTP (lanes 2 and 6), GTP (lanes 3 and 7) or ATP (lanes 4 and 8).
U6 RNAs from various eucaryotes, but not fission yeast, are modified by the U6-specific TUTase
Since the novel TUTase enzyme identified here was found to be highly specific for U6 snRNA, we wanted to know whether a similar kind of selectivity was also detectable among U6 RNA molecules from different species. For this, total cellular RNA was isolated from a variety of eucaryotic organisms ranging from yeast to man. Since we did not know the relative amounts of U6 RNA present among total RNA of these organisms, the abundance of U6 RNA was first analyzed. For this, a 25mer oligonucleotide complementary to the most conserved region of U6 snRNA (nt +42 to +66 in mammals) was used as probe in a northern blot analysis. The autoradiogram in Figure 5A demonstrates that with this probe U6 RNA molecules were clearly detectable among total cellular RNA from man (lanes 1 and 8), mouse (lane 2), frog (lane 3), fly (lane 4), worm (lane 5) and fission yeast (lane 6). Therefore, this analysis allows normalization for the relative concentrations of U6 RNA among these species. Subsequently, a standard TUTase reaction with the specific enzyme was performed, applying exactly the same amounts of total cellular RNA from these organisms as used in Figure 5A . The results shown in Figure 5B demonstrate that the specific enzyme was able to accept U6 RNA . This difference, however, was not resolved in the agarose gel used in Figure 5A . It should be noted that the efficiency of labeling of U6 RNA showed considerable differences among the species analyzed (compare Fig. 5A and B) . In particular, with Drosophila U6 RNA (see lanes 4) we reproducibly observe a significant decrease in TUTase labeling which is not understood at present. Furthermore, in contrast to the other eucaryotes analyzed, no U6-specific labeling was observed with total cellular RNA from Schizosaccharomyces pombe as substrate (lane 6). The mature (spliced) version of S.pombe U6 snRNA has been found to be 99 nt in length (34) . However, no TUTase-labeled RNA product of that size was obtained here, although the U6 RNA was clearly present in total celluar RNA from fission yeast (see the northern blot analysis in Fig. 5A ). Of course, only U6 RNA molecules with a 3′-OH group represent substrates for the addition of uridylic acid residues by the TUTase. Therefore, one might argue that U6 RNA from S.pombe contains only blocked 3′-ends. However, this is not the case. Lund and Dahlberg (18) have shown that in vivo the ratio between blocked and free 3′-OH groups of U6 RNA in S.pombe is ∼1:1. That is why we conclude that the absence of specific TUTase labeling with U6 RNA from S.pombe is very likely due to an altered secondary structure of that RNA as compared with other species. The minus RNA control in lane 7 of Figure 5B is to show that no endogenous RNA substrate is associated with the fractions containing the U6-specific TUTase.
U6-specific TUTase restores the four template-encoded UMP residues
Finally, we wanted to see how the 3′-ends of U6 snRNA molecules were modified by the U6-specific TUTase. For this analysis, three different U6 RNA templates, under control of the T7 promoter, were cloned, which differed by the number of T residues at the 3′-end of the transcribed DNA sequence. Upon linearization of the templates with the DraI restriction enzyme (see Materials and Methods), labeling (*) by in vitro transcription with T7 RNA polymerase (Fig. 6A, lanes 4-6) resulted in a population of slightly heterogeneous RNA products. The major band of each reaction represented U6 RNA molecules with three (U6-3), four (U6-4) or five (U6-5) U residues at their 3′-ends respectively. Since all three constructs contain identical 5′-end sequences, the observed heterogeneity must be present at the 3′-end. When equal amounts of unlabeled molecules of such an in vitro transcription reaction were analyzed in a subsequent TUTase reaction with labeled UTP (lanes 1-3) , again a slightly heterogeneous population of labeled products was separated by high resolution gel electrophoresis. It is clearly evident, however, 1-3) . For comparison, the same U6 RNAs, however labeled during T7 transcription and not treated with TUTase, are shown in lanes 4-6. To obtain a less heterogeneous RNA template (as is for example evident from lanes 1-6) for the TUTase assay, unlabeled RNA of each T7 RNA polymerase transcription was first separated in high resolution gels and the major band of each reaction recovered (rec.). Subsequently, 50 ng of this purified material were incubated with specific TUTase in the presence of labeled UTP and the products analyzed as before (lanes 7-9). The asterisk (*) is to define in which reaction the RNAs were labeled. (B) Aliquots of 50 ng unlabeled T7 RNA polymerase transcripts were analyzed in high resolution polyacrylamide gels stained with ethidium bromide, either directly (lanes 1-3) or after recovery (rec.) of the main transcripts excised as described before [lanes 7-9; this numbering was chosen to point out that this material was exactly the same as that used for the TUTase reactions in lanes 7-9 of (A)]. that U6-3 RNA (lane 1) was much more efficiently labeled by the TUTase (*) than U6-4 (lane 2) and U6-5 RNA (lane 3), the latter two representing low efficiency substrates for this TUTase reaction. In order to avoid side effects possibly originating from the application of a heterogeneous population of RNA molecules which might obscure these results, we decided to use a more defined substrate for the TUTase reaction. To achieve this, unlabeled in vitro transcribed RNAs were separated in high resolution gels as before and the single major band of each reaction (shown in Fig. 6B ) was recovered from the gel. This material (rec.) was again analyzed in the TUTase assay supplemented with labeled UTP. As shown in Figure 6A , lanes 7-9, the results obtained with these defined substrates confirmed the previous observations. Again, U6-3 RNA was the most effective substrate for the TUTase reaction (lane 7), whereas U6-4 (lane 8) and U6-5 RNA (lane 9) represented poor substrates. The weak residual signals still detected in lanes 8 and 9 very likely originate from minor contamination with U6-3 RNA. It cannot be totally excluded that even the clearly defined single bands (as visible in lanes 7-9 of Fig. 6B ) after recovery from tightly restricted areas of such gels contain trace amounts of shorter RNA molecules which differ in size by only 1 or 2 nt. This interpretation is consistent with the finding that after gel purification (lanes 8 and 9) labeling of U6-4 and U6-5 RNA species relative to U6-3 was more significantly reduced as if the material was assayed directly (lanes 2 and 3) . Therefore, we conclude that the inefficient labeling of U6-4 and U6-5 RNA molecules observed in Figure 6A , lanes 2 and 3, was indeed due to the microheterogeneity of those in vitro synthesized RNA substrates. Thus, it appears that the physiological function of the U6-specific TUTase activity is restricted to restoring the native 3′-end stem structure, which is completed by the four template U residues present in newly transcribed U6 RNA molecules. Consequently, U6 snRNA molecules containing three (or possibly less) U residues at their 3′-ends constitute the physiological substrate for the TUTase enzyme described here. Furthermore, the differences in length, as observed by a comparison of lanes 1-3 with 4-6 of Figure 6A , indicate that in all these cases the TUTase enzyme added only one UMP residue to the RNA species synthesized in vitro.
Figure 6B is to demonstrate that the U6 RNA transcribed in vitro by T7 RNA polymerase indeed shows only minor heterogeneity. Ethidium bromide staining of the transcripts separated in high resolution polyacrylamide gels revealed only one major RNA band (lanes 1-3) . Lanes 7-9 show exactly the same amounts of recovered (rec.) material that were applied to the TUTase reaction in lanes 7-9 of Figure 6A . The slightly reduced amount (∼40%) of the recovered U6-5 band resulted in a correspondingly decreased activity in lane 9 of Figure 6A , as compared for example with lane 8.
In order to substantiate our conclusion that the TUTase activity identified here catalyzes the restoration of authentic 3′-ends of U6 snRNA molecules, we compared the reaction products obtained with cellular U6 RNA with those obtained with the U6 RNA synthesized by T7 RNA polymerase in vitro (Fig. 7) . Since individual 1 nt steps are not readily visible from an autoradiogram of the high resolution gel (upper panel), the PhosphorImager analysis of this gel is also included (lower panel), allowing tracing of individual bands which differ by only 1 nt. As can be seen from the comparison shown in Figure 7 , after the TUTase labeling reaction (TUTase*) the position of cellular RNA differs from that of the in vitro synthesized labeled U6-3 RNA (T7*) by a distance which corresponds to an apparent difference in length of 1.5 nt. In agreement with the results of Figure 6A , this difference in length is increased when compared with in vitro synthesized U6-3 RNA subsequently labeled by TUTase (TUTase*) and analyzed as before. The apparent difference in size between TUTase-labeled cellular RNA and the major band of TUTase-labeled U6-3 RNA now corresponds to 2.5 nt. In this context, one has to keep in mind that the RNA transcribed in vitro differs in length from the cellular U6 snRNA by two additional (5′-GG) nucleotides (compare lanes 5 and 6 of Fig. 4A ). Taking into account these two additional G residues of the T7 transcripts, the TUTase reaction products obtained with cellular or synthestic RNA show a net difference in migration corresponding to 0.5 nt. One might argue that in this reaction only the transfer of a phosphoryl group was involved. However, chain length analysis in that gel system (Fig. 6A, lanes 4-6) indicates migration effects related to a length difference of exactly 1 nt. Furthermore, comparison of the main U6-3 bands (Fig. 6A, lanes 1  and 4) clearly shows that the TUTase reaction products were elongated by exactly one UMP residue. Therefore, we believe that the net difference in size of 0.5 nt between cellular and synthetic U6 RNA as a consequence of the TUTase reaction reflects a modification of the cellular RNA which is absent from the synthetic T7 transcripts.
In summary we conclude that in vivo the physiological substrate of the TUTase characterized here is represented by recessed U6 snRNA molecules which are modified to restore the four 3′-UMP residues present in newly transcribed U6 RNA.
DISCUSSION
Preferential labeling of U6 snRNA molecules in cellular transcription extracts by a TUTase activity has been observed in several laboratories (12, 15, 17, 18) . The conclusion that this labeling of U6 RNA is the result of a highly selective reaction was mainly based on the observation that in these extracts only a single major product was obtained, the identity of which was confirmed to be U6 snRNA (12) . These investigators also excluded the possibility that preferential labeling of this particular RNA species might be due to an enrichment of U6 RNA in those extracts. With the observation that a specific addition of uridylic acid residues to U6 RNA occurred, the question arose whether or not this might simply be a consequence of availability of cellular RNA molecules for this reaction. One could not exclude the possibility that in cellular extracts only the 3′-end of U6 RNA was freely accessible to the transferase enzyme. That conclusion seemed to be supported by the finding that with (phenol-extracted) naked RNA a broad spectrum of cellular RNA molecules was obtained in such a labeling reaction (12, 15) . Therefore, at least for the non-specific enzyme, the problem of substrate availability is certainly a crucial point. However, the results presented here (Fig. 3) demonstrate that, in addition to a non-specific enzyme, a specific transferase indeed exists in HeLa cells, capable of adding UMP residues to U6 RNA selectively.
A partially purified TUTase activity considered to be specific for U6 snRNA has been described previously (15) . However, for two reasons it is extremely unlikely that the enzyme characterized there is identical to the TUTase activity we have identified here. First, as also noted by others (12,17,18; Fig. 1 ), Tazi et al. (15) obtained selective labeling of U6 RNA in cellular extracts, but, in agreement with all these investigations, their extracts also, when analyzed with phenol-extracted nucleic acids, were found to label a broad spectrum of different cellular RNA molecules. That finding clearly indicated that a non-specific TUTase was observed. Secondly, to trace their transferase activity during the purification steps, Tazi and co-workers (15) used Saccharomyces cerevisiae 5S RNA as substrate for the TUTase reaction. As is evident from the results shown here (see fractions 23-27 in Fig. 3A) , the U6-specific TUTase enzyme does not accept 5S RNA as a substrate or any other cellular RNA species, with the exception of U6 snRNA molecules. Thus, in our hands labeling of 5S RNA was only obtained with the non-specific TUTase enzyme. Therefore, a purification scheme based on analysis of 5S RNA modification must have resulted in enrichment of the non-specific enzyme.
It is quite conceivable that the enzyme characterized here exerts its substrate specificity by recognizing, directly or indirectly (via a putative bridging protein), distinct structural elements of its target RNA. In this context, it is interesting to note that fission yeast U6 RNA was not recognized as substrate by the specific TUTase (Fig. 5) . Although most regions of that RNA reveal extended homology with the corresponding molecules of higher eucaryotes (9) , fission yeast U6 RNA shows considerable sequence diversity affecting its 3′-end stem-loop structure. With the assumption in mind of recognition by structure, one has to postulate that the status of the substrate RNA allows free accessibility of its 3′-end structure.
A number of results have shown that during its life cycle the spliceosomal U6 snRNA undergoes a series of modifying reactions, primarily affecting its 3′-end. Using anti-La antibodies, a high variability in length of the 3′-terminating oligouridylic stretch of the U6 snRNA was observed (18, 20) . These U6 RNA molecules are characterized by 3′-hydroxyl termini, thought to be required for incorporation into the U4-U6 snRNP complex (15, 19) . In addition, the vast majority of cellular U6 snRNA molecules have been found to possess an unsual 2′,3′-cyclic phosphate (>p) at their 3′-ends (18) . It has been suggested that conversion of a U6 snRNA species with a 3′-hydroxyl end into another type with U>p occurs as a consequence of the participation of U6 RNA in pre-mRNA splicing (15, 19) . Recent results indicate, however, that formation of a phosphate-blocked 3′-end is not a consequence of the involvement of U6 RNA in the splicing reaction (35) .
Furthermore, a U6 snRNA-specific nuclease activity has been isolated from HeLa cell nuclear extracts and has recently been characterized in detail (32) . This exonuclease has been shown to remove template and non-template (as defined in 32) nucleotides from the 3′-end of human U6 RNA molecules. As with the specific TUTase described here, that nuclease too has been found to specifically recognize a secondary structure located at the 3′-end of the U6 RNA. It should be mentioned that such a nuclease activity was not associated with the partially purified U6-specific TUTase activity analyzed here.
Taken together, the addition and removal of nucleotides implies a sophisticated recycling process for functional U6 snRNA molecules, assuming that these molecules are used more than once. Newly synthesized U6 RNA recruits specific polypeptides to form the U6 snRNP. This complex associates with the U4 snRNP, resulting in formation of the U4-U6 snRNP complex. Up to this point the 3′-end of U6 RNA is not blocked and terminates with a free hydroxyl group. In a subsequent, as yet unidentified, step, however, U6 snRNA acquires a blocked (>p) 3′-end. In order to recycle the unblocked functional form of the RNA, removal of the 3′-cyclic phosphate may well be accomplished by the above-mentioned U6-specific exonuclease (32) . Processing of U6 RNA by this nuclease has been shown to remove all terminating UMP nucleotides, including the four template 3′ U residues. In a final step of this cycle, the U6-specific TUTase could act to regenerate the correct 3′-terminus of the functional U6 RNA, with a four nucleotide oligo(U) stretch completing the 3′-end stem-loop structure found within newly transcribed U6 RNA.
At present it is not clear, however, which enzyme activity mediates the described 3′-end elongation of U6 RNA with several additional non-template U residues (20) . From our experiments (Fig. 6 ) it appears that the specific enzyme has a clear preference for restoring only the four template U nucleotides present in newly synthesized U6 RNA. Therefore, one possibility might be that this further elongation with non-template nucleotides (32) is a result of the non-specific TUTase activity. This is consistent with our finding that the non-specific enzyme, at least with RoY5 RNA as substrate, can add several U residues to the 3′-end of RNA molecules (Fig. 4A) . However, the functional significance of such an addition of non-template UMP residues to U6 RNA remains to be elucidated.
Experiments are in progress to analyze in more detail the structural requirements for the described modifications of U6 snRNA. Furthermore, the availability of monoclonal antibodies directed against the specific TUTase might help to elucidate the physiological significance of 3′-terminating U residues alternately added to and removed from the U6 snRNA.
